(TAO) and to see whether the quantity and type of GAGs present in blood and urine are markers of the disease.
Methods Biopsies of affected EOMs were taken and studied by transmission electron microscopy (TEM). These were either fixed conventionally for TEM, or in 0.5% tannic acid and others for immunogold staining. Serum hyaluronan (HA) was measured using a radioimmunoassay in patients with TAO as well as control subjects, and urinary GAG levels assessed by photometric quantitation of hexuronic acid after reaction with carbazole.
The excretion pattern of the urinary GAGs was determined by discontinuous electrophoresis. and bind large amounts of water, playing an important role in maintaining the tissue shape as well as in the formation of oedema during inflammation. Most of the signs and symptoms of TAO are largely explicable by the enlargement of the EOMs and the retro-ocular fat/ connective tissue within the confined cavity of the orbit. GAGs are likely to play a major role in this process by increasing the volume of the affected tissues.
After secretion in the tissues, GAGs escape from the intercellular matrix into the circulation, are metabolised by the liver and finally excreted via the kidneys. The level and composition of GAGs present in serum and urine may therefore provide easily accessible indicators of the presence or activity of TAO. Kahaly et al. 16 have demonstrated a possible increase in urine and plasma17 GAG levels in early TAO, but another study18 of serum hyaluronan levels has shown no detectable change in the patients studied. To provide further information on the presence and localisation of GAGs in TAO we have taken biopsies of affected EOMs from TAO as well as non-TAO strabismus control patients and examined them by means of transmission electron microscopy (TEM) and immunogold staining using an anti-hyaluronan antibody. Serum hyaluronan (or hyaluronic acid, or HA) was measured in TAO and control patients by a radioimmunoassay. Urinary GAG levels were assessed by photometric quantitation of hexuronic acids and the excretion pattern of the urinary GAGs of the same samples was determined by means of discontinuous electrophoresis with and without previous digestion with chondroitinase ABC.
Methods

Ultrastructural immunohistochemistry
Extraocular muscle biopsies
Thirty-one biopsies of human EOM were collected from 18 TAO patients (6 males, 12 females; age 31-68 years), with their informed consent and ethics committee approval, during the course of corrective strabismus surgery where tight extraocular muscles were restricting normal ocular movements. Also 10 EOM biopsies were taken from 8 non-TAO strabismus control subjects (3 males, S females; age 12-55 years). TAO patients had had clinically inactive disease for at least 6 months before the biopsies were collected and had not received any immunosuppressive therapy during this period. All biopsies were obtained from the belly of the muscle (10-12 mm from the insertion) having dissected off the muscle sheath and without prior application of any diathermy.
Transmission electron microscopy
For morphological investigation specimens were fixed either in a mixture of 2.5% glutaraldehyde and 0.5% tannic acid in 0.1 M sodium cacodylate, pH 7.0 or in 3% glutaraldehyde and 1% paraformaldehyde in 0.1 M sodium cacodylate adjusted to pH 7.4 with 0.1 M HCl.
Samples were os mica ted for 2 h at 4 DC in 1 % aqueous osmium tetroxide, dehydrated through ascending alcohols (50-100%) and propylene oxide, and embedded in Araldite resin cured at 60 DC. Semithin (1 /-Lm) sections were cut and stained with 1% alcoholic toluidine blue for examination by light microscopy and ultrathin (70 run) sections of selected areas contrasted by sequential staining with 1 % (w Iv) uranyl acetate in solution of 50% ethanol/water and Reynold's lead citrate and examined in a JEOL 1010 TEM at 80 kV by two independent researchers.
Tissue fixation for immunogold staining
Specimens for immunolabelling were fixed in 2% (w / v) paraformaldehyde and 0.05% (v / v) glutaraldehyde in 0.1 M sodium phosphate buffer for 1 h}9 and then embedded in Lowicryl HM20 by the progressive lowering of temperature (PLT) method using a LEICA AFS unit (Leica, Milton Keynes, UK). On two occasions specimens were quick frozen in a liquid nitrogen slush (-212 DC), freeze substituted with 10 changes of dried methanol at -80 DC, and infiltrated with Lowicryl HM20 at 50 DC again using the AFS unit. Lowicryl HM20 was polymerised by UV irradiation at -50 DC within the AFS unit. Ultrathin sections were collected on formvar / carbon-coated grids for on-grid labelling.
Immunogold staining
The buffer used throughout the procedure was 50 mM Tris-HCl (pH 7.4) with 0.5 M NaCl. Ultrathin Lowicryl sections mounted on formvar / carbon-coated nickel grids were blocked by overnight incubation at 4 DC with 1 % bovine serum albumin (BSA) in 50 mM Tris-HCl buffer (pH 7.4). This was followed by a 4 h incubation with the anti-hyaluronic acid antibody (raised in mice against human trophoblast membrane; Serotec, Oxford, UK) at a dilution of 1:10 at room temperature. After six 4 min changes in buffer to remove unbound primary antibody, the grids were preincubated with 1% BSA (5 min) and then incubated, for a further 1 h, with a 1:50 dilution of a secondary goat anti-mouse 10 nm gold conjugate (Auroprobe, EM GAM IgM G10, Amersham, Bucks, UK). Unbound gold conjugate was removed by three 4 min changes in Tris-HCI buffer plus 0.2ok, BSA, followed by three changes in Tris-HCl buffer, and washed in ultrapure distilled water. Finally, sections were stained sequentially with saturated uranyl acetate and Reynold's lead citrate before being examined in a JEOL 1010 transmission electron microscope at 80 kV by two independent researchers. Two types of negative controls were incorporated into the immunogold procedure: (1) omission of the primary antibody and (2) substitution of the primary antibody with non-immune serum from the same species in which the primary was raised. Both controls were at dilutions identical to those used for the primary antibody.
Radiometric assessment of serum hyaluronan
Blood samples were obtained from 10 TAO patients (5 men, 5 women; age 33-60 years, mean 48 years), and 10 control subjects (5 men, 5 women; age 35-60 years, mean 48 years). Their clinical data are summarised in Table 1 . Blood samples were collected by venepuncture into sterile, glass Vacutainer tubes with no additive and the serum separated by centrifugation (10 min, 400 g).
Subsequently, the serum was aliquoted into 1 ml aliquots and stored at -40 DC until analysed.
The hyaluronan levels of these samples were measured radiometrically, according to the manufacturer's instructions, using the Pharmacia HA kit found by fitting a linear curve into the lin-log plot of points of the standard curve using SPSS software, where x is the log of the HA concentration of the sample and y is the percentage of the activity bound.
Urinary GAGs
Twenty-four hour urine collections were obtained from 37 different TAO patients (19 men, 18 women; age 30-85 years, mean 54 years) and 36 control subjects (17 men, 19 women; age 24-69 years, mean 47 years). All reagents for this part of the study were purchased from Sigma, UK, and were of the highest purity available, unless otherwise stated.
QualltitatiI'c cstimatioll of IIrillary GAGs by measure/nellt of hc:olrollic acid contellt isolation of GAGs Initially, the undissolved constituents were centrifuged from 25 ml of the well-mixed urine (10 min; 40 g). One millilitre of the supernatant was used for the measurement of creatinine concentration. The hexuronic acid content of urinary GAGs was determined from another 1 ml aliquot by precipitation with cetyl pyridinium chloride (CPC) and ethanol.2122 The pellets were dissolved in 200 fl.1 of distilled water prior to assay.
Hcxuronic acid assay The aqueous GAGs were reacted with carbazole in the presence of borate I sulphuric acid according to the method of Bitter and Muir:!:1 using -y-glucuronolactone standards.
The concentration per litre was calculated from the standard curve. The value was 5 times the original urine concentration. Results were expressed in relation to the creatinine content of the urine samples, in order to take the urine concentration into account.
Idcntification of IIrinary GAG excretioll pattem
Two 1 ml aliquots of the urine supernatant were precipitated in paralle\' one of which was subsequently digested with chondroitinase ABC (Sigma C-2780, 100 mU I ml) as control. The enzyme digestion mixture was incubated for 1 h at 37 DC. The residual GAGs in the enzyme-treated samples and the GAGs in the undigested samples were submitted to discontinuous electrophoresis.
Discontinuolls electrop/lOrcsis
The presence or absence of chondroitin sulphate (CS), keratan sulphate (KS), derma tan sulphate (DS) and I or heparan sulphate (HS) in 37 TAO and 36 control subject urine samples was studied. The constituent GAGs were identified using discontinuous electrophoresis as described by Hopwood and Harrison?· A standard mixture of GAGs containing CS, KS, OS and HS was electrophoresed in a single lane and the identity of the GAGs in the unknown samples determined by comparison with the mobilities of the standards. The quantity of each GAG band was graded as (+++), (++), (+), (:t) and (-) relative to the intensity of the staining of relevant standards, graded as (+++).
Statistical analysis
Student's t-test was carried out on the serum hyaluronan and urinary hexuronic acid data with SPSS software, and a p value <0.05 was considered significant in the comparisons between control and disease samples. 
Results
Ultrastructural immunohistochemistry
Extraocular muscle biopsies: transmission electr011 microscopy
Transmission electron microscopy failed to reveal any significant differences between the ultrastructural organisation of transversely sectioned extraocular muscle fibres themselves in the TAO biopsies (Fig. 1) . However, in aIJ TAO specimens there was a marked expansion of the endomysia I space in comparison with the non-TAO biopsies (Fig. 2) . This space was filled by an increased amount of coIJagen fibres interspersed with an amorphous material of low electron density. Sections from biopsies fixed in tannic acid also revealed in the same region an additional highly electron-dense material, most probably GAGs (Fig. 3) . In addition, isolated myofibroblasts were seen in elevated numbers in the TAO specimens, as well as mast cells and fat cells in the endomysia I space (Fig. 4) . (Fig. 6 ).
Radiometric assessment of serum hyaluronan
The HA concentration for each patient is shown in 
Urinary GAGs
Quantitative estimation of urinary GAGs by measurement of hexuronic acid content A statistically significant difference (p = 0.03) was found between the TAO patients (6.0B Il-mol/l hexuronic acidl mmol/l creatinine; SEM 0.456) and the control group (4.8 fLmol II hexuronic acid / mmol II creatinine; SEM 0.283) in urinary GAG excretion. In the TAO patients studied the hexuronic acid/ creatinine ratio ranged from 2.0 to 11.8 fLmol /mmol, whereas in the control subjects studied it ranged between 2.7 and 10 fLmol /mmol.
Identification of urinary GAG excretion pattern
Chondroitin sulphate was present in both TAO and Specimens from active untreated TAO patients were not available to us for examination during this study. In addition, analysis of both TAO and control urine specimens by the qualitative technique of discontinuous electrophoresis, showed chondroitin sulphate and heparan sulphate to be present in both groups. However, the frequency of appearance in the TAO samples as well as the intensity of the revealed bands was greater.
Treatment of the same samples with chondroitinase ABC resulted in the disappearance of the bands. This disappearance of the small GAG fragments produced by the enzymatic treatment may be due to either their increased solubility in the electrophoretic buffer or their failure to stain. The enzymatic loss of the heparan sulphate band may be owing to the observed digestion by either chondroitinase ABC or hyaluronidase to a small degree, even at room temperature, immediately after addition of the enzyme to the sample 0. Stone, personal observation). In only 3 of the male TAO patients and in none of the control specimens studied were derma tan sulphate-positive bands observed. The significance of these bands is not known.
In conclusion, we have demonstrated by transmission electron microscopy that there is consistently marked expansion of the endomysial space in TAO EOM biopsies as compared with non-TAO strabismus specimens. This expansion is caused by an increased number of collagen fibres, interspersed with a granular amorphous material surrounding striated collagen fibres shown to be hyaluronan by immunogold staining. Serum hyaluronan concentration was similar in the TAO and control specimens studied. In contrast, a statistically significant difference in urinary GAG excretion was observed between TAO and control patients examined. However, discontinuous electrophoresis showed chondroitin sulphate and heparan sulphate to be present in both groups.
